Wang Y, Wang DH. Aggravated renal inflammatory responses in TRPV1 gene knockout mice subjected to DOCA-salt hypertension. Am J Physiol Renal Physiol 297: F1550 -F1559, 2009. First published September 30, 2009 doi:10.1152/ajprenal.00012.2009.-To test the hypothesis that deletion of the transient receptor potential vanilloid type 1 (TRPV1) channel exaggerates hypertension-induced renal inflammatory response, wild-type (WT) or TRPV1-null mutant (TRPV1 Ϫ/Ϫ ) mice were subjected to uninephrectomy and deoxycorticosterone acetate (DOCA)-salt treatment for 4 wk. Mean arterial pressure (MAP) determined by radiotelemetry increased in DOCAsalt-treated WT or TRPV1 Ϫ/Ϫ mice, whereas there was no difference in MAP between two strains at the baseline or after DOCA-salt treatment. DOCA-salt treatment increased urinary excretion of albumin and 8-isoprostane in both WT and TRPV1 Ϫ/Ϫ mice, and the increases were greater in magnitude in the latter strain. Periodic acid-Schiff and Mason's trichrome staining showed that kidneys of DOCA-salt-treated TRPV1 Ϫ/Ϫ mice exhibited more severe glomerulosclerosis and tubulointerstitial injury compared with DOCA-salttreated WT mice. NF-B assay showed that DOCA-salt treatment increased renal activated NF-B concentrations in TRPV1 Ϫ/Ϫ mice compared with WT mice. Immunostaining and ELISA assay revealed that DOCA-salt-treated TRPV1 Ϫ/Ϫ mice had enhanced renal infiltration of monocyte/macrophage and lymphocyte, as well as increased renal levels of proinflammatory cytokine (TNF-␣, IL-6) and chemokine (MCP-1) compared with DOCA-salt-treated WT mice. Renal ICAM-1 but not VCAM-1 expression was also greater in DOCA-salttreated TRPV1
transient receptor potential vanilloid type 1 channel; deoxycorticosterone; dexamethasone THE TRANSIENT RECEPTOR POTENTIAL vanilloid type 1 (TRPV1) is a nonselective cation channel of the transient receptor potential channel family (9, 27) . As a polymodal receptor, it may be activated by multiple stimuli including noxious heat, low pH, and chemical irritants such as capsaicin (9, 27) . TRPV1 predominantly resides in unmyelinated C-fibers and thinly myelinated A␦-afferent nerve fibers innervating the cardiovascular system, and activation of TRPV1 expressed in these nerves causes release of a number of sensory neuropeptides including calcitonin gene-related peptide (CGRP) and substance P, which are potent vasodilators in various vascular beds (46) . In addition to stimuli indicated above, a variety of inflammatory mediators including lipoxygenase products, bradykinin, and prostaglandins may activate or sensitize TRPV1 (27, 49) . As a result, the role of TRPV1 in mediating inflammatory processes and its pathophysiological relevance have drawn quite attention. It has been shown that activation of TRPV1 in various tissues elicits neurogenic inflammation and nociception (26) . In contrast, studies have shown that inflammatory responses evoked by endotoxin are exaggerated in TRPV1-null mutant (TRPV1 Ϫ/Ϫ ) mice, indicating that TRPV1 activation may possess anti-inflammatory effects (13, 23) .
Hypertension is a major cardiovascular risk factor that causes end-organ damage including end-stage renal disease (6) . Recent experimental evidence shows that progression of hypertension-induced renal damage is accompanied by intrarenal leukocytic cell infiltration and inflammation (20, (35) (36) (37) 42) . For example, studies in several models of experimental hypertension have shown invasion of lymphocytes and macrophages in the kidney (36, 37) . Moreover, treatment with immunosuppression/anti-inflammatory drugs or with chemokine receptor antagonists to inhibit leukocyte recruitment slows progression of renal damage in hypertensive animals (20, 35, 42) . Despite these interesting findings, molecular and cellular mechanisms underlying renal inflammatory responses in hypertension remain poorly characterized.
Our recent data show that ablation of TRPV1 gene exacerbates renal damage induced by deoxycorticosterone acetate (DOCA)-salt hypertension, suggesting that TRPV1 may constitute a protective mechanism against end-organ damage induced by salt-dependent hypertension (43) . Based on these findings, we hypothesized that DOCA-salt-induced renal inflammatory responses characterized with disturbed production of multiple inflammatory factors are exaggerated in TRPV1 Ϫ/Ϫ mice. To this end, renal function, structure, inflammatory cell infiltration, production of multiple inflammatory factors, and activity of the transcriptional NF-B were determined in DOCA-salt-treated wild-type (WT) and TRPV1 Ϫ/Ϫ mice. In addition, renal inflammatory responses to dexamethasone (DEXA), an immunosuppressive agent, were examined in DOCA-salt-hypertensive WT and TRPV1 Ϫ/Ϫ mice to elucidate the role of inflammation in renal injury.
METHODS

Animals. Ten-week-old male TRPV1
Ϫ/Ϫ (B6.129S4-TRPV1 tm1Jul ) and control WT (C57BL/6) mice (weighing 26 to 28 g; Charles River Laboratory, Wilmington, MA) were used in this study. TRPV1 Ϫ/Ϫ mice, generated by deleting an exon encoding part of the fifth and all of the sixth putative transmembrane domains (including the interconnecting p-loop) of the channel, were backcrossed to C57BL/6 mice for at least six generations (9) . All of the experiments were approved by the Institutional Animals Care and Use Committee.
Telemetry blood pressure assay. Mean arterial pressure (MAP) and heart rate (HR) were determined using the telemetry system (Data Sciences International, St. Paul, MN) according to the manufacturer's instruction. In brief, the mice were anesthetized with ketamine and xylazine (80 and 4 mg/kg sc, respectively), and the transmitter catheter was implanted into the left carotid artery with the transmitter body placed subcutaneously in the lower right hand side of the abdomen. The mice were returned to their individual cages and allowed for recovery for 3 days before starting of the radiotelemetric recording.
Experimental protocol. One week after the radiotelemetric recording, mice were reanesthetized as described above, and the left kidney was removed. The DOCA pellet (24 mg/10 g body wt; Innovative Research of America, Sarasota, FL) was implanted subcutaneously in the neck area under anesthesia. Mice receiving DOCA were given 1% NaCl and 0.2% KCl to drink, and treatment with DOCA-salt continued for 4 wk. Control mice underwent uninephrectomy without receiving DOCA and saline. Mice were separated into four groups: 1) WT control mice receiving tap water, 2) TRPV1 Ϫ/Ϫ control mice receiving tap water, 3) WT mice receiving DOCA-salt, and 4) TRPV1 Ϫ/Ϫ mice receiving DOCA-salt. Each group consisted of at least seven mice. Mice were allowed to recover from anesthesia for 24 h after surgery, and radiotelemetric recording continued for an additional 4 wk.
To examine the effect of DEXA on DOCA-salt-induced renal inflammatory responses and injury, WT and TRPV1 Ϫ/Ϫ mice receiving DOCA and saline were subcutaneously given vehicle or DEXA (Sigma, St. Louis, MO) at a daily dose of 0.5 mg/kg for 4 wk. DEXA was dissolved in normal saline containing ethanol (10% vol/vol) and Tween 80 (10% vol/vol). At the end of the treatment period, direct intracarotid blood pressure measurement was performed under the conscious state in DOCA-salt-treated WT and TRPV1
Ϫ/Ϫ mice given vehicle or DEXA, as well as in sham-operated control WT and TRPV1 Ϫ/Ϫ mice using the protocol as previously reported (44) . Subsequently, the kidneys were harvested, weighed, and stored at Ϫ80°C for analysis of inflammatory mediators or fixed in 10% formaldehyde solution in phosphate buffer for histological analysis.
Urine analysis. At the end of the 4-wk treatment, mice were placed in mouse metabolic cages for 24-h urine collection. Urinary albumin was measured with an enzyme-linked immunosorbent assay kit (Exocell, Philadelphia, PA). Urinary 8-isoprostane levels were determined using the kit from Cayman Chemical (Ann Arbor, MI).
Histological analysis. The formaldehyde-fixed kidneys were paraffin-embedded, and sections were prepared and stained with periodic acid-Schiff (PAS) and Mason's trichrome stain. The degree of sclerosis and tubulointerstitial injury was determined in tissue sections stained with PAS and Mason's trichrome, respectively, by two examiners without knowledge of prior treatment of sections.
The degree of glomerulosclerosis was determined using a semiquantitative scoring method published previously (39) . Fifty glomeruli per section were selected randomly and scored as follows: grade 0, normal glomeruli; grade 1, sclerotic area Յ25% of total glomerular area or distinct adhesion present between capillary tuft and Bowman's capsule; grade 2, sclerotic area between 25 and 50%; grade 3, sclerotic area 50 to 75%; and grade 4, sclerotic area 75 to 100% of the total glomerular area. The ultimate score was obtained by multiplying the degree of changes by the percentage of glomeruli with the same degree of injury and adding up these scores.
Tubulointerstitial injury in the renal cortex and outer medulla was defined as tubular dilation or atrophy, interstitial fibrosis, or inflammatory cell infiltration. Based on the percentage area of the damaged cortex or outer medulla, injury was graded on a scale of 0 to 4 as described previously (40) : grade 0, normal; grade 0.5, small focal areas of damage; grade 1, Ͻ10%; grade 2, 10 to 25%; grade 3, 25 to 75%; and grade 4, Ͼ75% tubulointerstitial injury involvement.
Immunohistochemistry. Renal monocyte/macrophage and lymphocyte infiltration was analyzed in tissues embedded in 3-m-thick paraffin sections obtained 4 wk after the treatment. Sections were mounted on glass slides, deparaffinized, and rehydrated. The sections were then treated with 3% hydrogen peroxide for 5 min and blocked with 3% normal horse serum in phosphate buffer solution for 1 h. Rat anti-mouse monoclonal antibody to F4/80 (1:200; Serotec, Oxford, UK) or rabbit anti-human polyclonal antibody to CD3 (1:400; Dako) was used for overnight incubation at 4°C. Horse anti-rat IgG horseradish peroxidase or horse anti-rabbit IgG horseradish peroxidase (1:400; Vector Laboratories, Burlingame, CA) was applied and incubated for 1 h at room temperature and visualized by incubating the sections with the substrate vector fast red or 3,3Ј-diaminobenzidine (Vector Laboratories). Negative control experiments were performed by omitting incubation with the primary antibody.
The quantification of F4/80-and CD3-positive cells in the cortex and outer medulla was carried out in a blind fashion under ϫ400 magnification. For each section, 15 randomly selected cortical or medullary fields were examined. The number of positive cells was expressed as cells per square millimeter.
NF-B transcription factor assay. Nuclear protein was extracted from the kidney with a nuclear extract kit (Active Motif, Carlsbad, CA) based on the manufacturer's instruction. Protein concentrations of nuclear extract were determined with the use of a protein assay kit (Bio-Rad Laboratories, Hercules, CA). Transcription factor NF-B activity in the kidney was determined with the use of the TransAM NF-B p65 assay kit (Active Motif) following the manufacturer's protocol. In brief, nuclear proteins were added into each well coated with an unlabeled oligonucleotide containing the consensus binding site for NF-B (5Ј-GGGACTTTCC-3Ј) and incubated for 1 h. After being washed, a primary antibody directed against the NF-B p65 subunit was added and incubated for 1 h. Subsequently, a secondary antibody conjugated to horseradish peroxidase was applied for 1 h. A colorimetric reaction was developed with addition of a developing solution and terminated by a stop solution. The plate was read at 450 nm by an absorbance microplate reader (Molecular Devices).
Renal cytokine assay. Immunoreactive TNF-␣, IL-6, and MCP-1 were determined in renal homogenates with the use of various ELISA kits (R&D Systems, Minneapolis, MN) instructed by the manufacturers. Whole kidneys were homogenized in ice-cold phosphate buffer solution containing protease inhibitors. The total proteins were extracted using NE-PER Cytoplasmic Extraction Reagents (Pierce, Rockford, IL), following the manufacturer's instruction. The protein concentration of extract was determined using a Bio-Rad Protein Assay (Bio-Rad Laboratories). The cytokine levels in the kidney were normalized and expressed as picograms per milligram total tissue protein.
Western blot analysis. Kidney was homogenized in homogenization buffer containing protease inhibitors, separated on a 10% SDS-PAGE, and transferred to a polyvinylidene difluoride membrane as described previously (43) . Blots were blocked 1 h at room temperature in 5% milk washing solution (50 mmol/l Tris ⅐ HCl, 100 mmol/l NaCl, and 0.1% Tween 20 at pH 7.5). Subsequently, blots were incubated overnight at 4°C with goat anti-mouse ICAM-1 polyclonal IgG or goat anti-human VCAM-1 polyclonal IgG (1:500; Santa Cruz Biotechnology, Santa Cruz, CA) in blocking solution, washed, and then incubated for 1 h with horseradish peroxidase-conjugated bovine anti-goat IgG (1:3,000; Santa Cruz Biotechnology). Detection was accomplished with enhanced chemiluminescence Western blot test (ECL, Amersham Biosciences, Piscataway, NJ). Band intensity was densitometrically determined. ␤-Actin was used to normalize protein loaded on blots.
Statistical analysis. All values are expressed as means Ϯ SE. The significance of differences between groups for blood pressure data was evaluated with an ANOVA for repeated measures followed by a Bonferroni's test. The differences among groups were analyzed using one- way ANOVA followed by a Bonferroni's adjustment for multiple comparisons. Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
Consistent with the previous report (43) , there was no significant difference between WT and TRPV1 Ϫ/Ϫ mice in body weight or plasma levels of electrolytes either at the beginning or end of DOCA-salt treatment with or without DEXA (data not shown). The results of the long-term telemetric recording of MAP are shown in Fig. 1 . Baseline MAP was similar in WT and TRPV1 Ϫ/Ϫ mice. One week after initiation of the DOCA-salt protocol, MAP significantly increased compared with the baseline and remained at this level for 3 wk in both WT and TRPV1
Ϫ/Ϫ mice with no difference between two strains (P Ͼ 0.05). In addition, DOCA-salt treatment did not affect HR in WT or TRPV1 Ϫ/Ϫ mice. DEXA given to DOCA-salt-treated WT and TRPV1 Ϫ/Ϫ mice did not affect MAP compared with DOCA-salt-treated WT and TRPV1
Ϫ/Ϫ mice given vehicle (132 Ϯ 8 vs. 135 Ϯ 6 mmHg; 134 Ϯ 6 vs. 138 Ϯ 7 mmHg, P Ͼ 0.05, respectively). Similarly, DEXA treatment had no effect on HR in WT or
TRPV1
Ϫ/Ϫ mice (data not shown). Furthermore, there was no change in parameters including MAP, HR, as well as renal function/structure or inflammatory cells/factors between DEXAtreated sham-operated WT and TRPV1 Ϫ/Ϫ mice and vehicletreated sham-operated WT and TRPV1 Ϫ/Ϫ mice, and thus sham-operated mice with or without DEXA were pooled and treated as control WT and TRPV1 Ϫ/Ϫ mice. Urinary albumin excretion was used as an indicator of renal damage. As demonstrated in Fig. 2 , chronic DOCA-salt treatment significantly increased urinary albumin excretion in WT mice compared with control WT or TRPV1 Ϫ/Ϫ mice (P Ͻ 0.05). Deletion of TRPV1 markedly enhanced DOCA-saltinduced urinary albumin excretion compared with WT mice treated with DOCA-salt (79.0 Ϯ 6.5 vs. 24.8 Ϯ 3.7 g/24 h, P Ͻ 0.05). In addition, urinary 8-isoprostane excretion was significantly increased in DOCA-salt-treated WT and TRPV1 Ϫ/Ϫ mice, and the degree of the increase was greater in the latter group (1.36 Ϯ 0.21 vs. 2.84 Ϯ 0.33 ng/24 h, P Ͻ 0.05). Moreover, DEXA treatment prevented or reduced urinary albumin and 8-isoprostane excretion in DOCA-salt-treated WT or TRPV1 Ϫ/Ϫ mice (Fig. 2) . As shown in Fig. 3 , more severe glomerulosclerosis was found in DOCA-salt-treated TRPV1 Ϫ/Ϫ mice compared with DOCA-salt-treated WT mice. There was no difference in the glomerulosclerosis index between control WT and TRPV1 Ϫ/Ϫ mice (P Ͼ 0.05), but the index was increased by DOCA-salt treatment in both WT and TRPV1
Ϫ/Ϫ mice with a greater magnitude in the latter strain (0.27 Ϯ 0.05 vs. 0.70 Ϯ 0.07, P Ͻ 0.05). In addition, DOCA-salt treatment resulted in more severe tubular injury in the renal cortex and outer medulla of TRPV1 Ϫ/Ϫ than WT mice as shown by Mason's trichrome staining (Fig. 4) . Quantitative analysis showed that DOCA-salt treatment significantly increased tubular injury of the cortex and outer medulla in TRPV1
Ϫ/Ϫ compared with WT mice (2.
Ϫ/Ϫ mice. Treatment with DEXA prevented or significantly reduced the renal lesion including glomerulosclerosis (Fig. 3 ) and tubulointerstitial injury (Fig. 4) in WT and TRPV1 Ϫ/Ϫ mice receiving DOCA-salt treatment with a greater effect in the latter group.
Monocyte/macrophage infiltration was determined and used as an indicator of inflammation of the kidney. The interstitial monocyte/macrophage infiltration was indicated by F4/80-positive cells that stained red. As illustrated in Fig. 5 , DOCAsalt-hypertensive WT mice showed a significant increase in F4/80-positive staining in the cortex and outer medulla compared with control WT mice, and the effect of DOCA-salt treatment was enhanced in TRPV1 Ϫ/Ϫ mice (cortex, 36 Ϯ 5 vs. 66 Ϯ 8 cells/mm 2 ; outer medulla, 84 Ϯ 8 vs. 128 Ϯ 13 cells/mm 2 , P Ͻ 0.05). Similarly to the changes in monocyte/ macrophage infiltration, DOCA-salt treatment caused a significantly increased infiltration of CD3-positive T cells in WT and TRPV1 Ϫ/Ϫ mice, and the effect was greater in the latter group (Fig. 6) . Moreover, the increased infiltration of monocytes/ macrophages and T lymphocytes was blocked by DEXA treatment (Figs. 5 and 6 ).
NF-B activity in the kidneys of WT and TRPV1 Ϫ/Ϫ mice subject to DOCA-salt with or without DEXA treatment was examined. As shown in Fig. 7 , DOCA-salt treatment significantly enhanced NF-B activity in WT mice compared with control WT mice (37.3 Ϯ 2.6 vs. 19.9 Ϯ 1.3 ng/mg protein, P Ͻ 0.05). NF-B activity was further increased in DOCAsalt-treated TRPV1 Ϫ/Ϫ mice compared with DOCA-salttreated WT mice (53.9 Ϯ 5.3 vs. 37.3 Ϯ 2.6 ng/mg protein, P Ͻ 0.05). Moreover, the effect of DOCA-salt treatment on NF-B activity was abolished by DEXA treatment in WT and TRPV1 Ϫ/Ϫ mice (Fig. 7) . Using the ELISA assay, renal protein levels of proinflammatory cytokines/chemokines including TNF-␣, IL-6, and MCP-1 were examined and the results are shown in Fig. 8 . Renal TNF-␣, IL-6, and MCP-1 levels were significantly increased in DOCA-salt-treated WT mice compared with control WT mice (P Ͻ 0.05). We also found that DOCA-salt treatment caused a further elevation of renal TNF-␣, IL-6, and MCP-1 levels in TRPV1 Ϫ/Ϫ compared with WT mice (P Ͻ 0.05). Moreover, elevated levels of proinflammatory cytokines/ chemokines induced by DOCA-salt treatment were prevented by DEXA treatment in WT and TRPV1 Ϫ/Ϫ mice (Fig. 8) . Expression of adhesion molecules including ICAM-1 and VCAM-1 was determined in WT and TRPV1 Ϫ/Ϫ mice with or without DOCA-salt treatment. As demonstrated in Fig. 9 , renal ICAM-1 protein expression was significantly increased in DOCA-salt-treated WT mice compared with respective controls, and ablation of TRPV1 further increased ICAM-1 protein expression induced by DOCA-salt treatment. Although DOCAsalt treatment enhanced renal VCAM-1 protein expression in WT and TRPV1 Ϫ/Ϫ mice, there was no difference in VCAM-1 protein expression between the two strains (P Ͼ 0.05).
DISCUSSION
Our data show that DOCA-salt-induced renal damage, characterized with albuminuria, glomerulosclerosis, and tubulointerstitial injury, is exaggerated in TRPV1 Ϫ/Ϫ mice that have similar blood pressure as WT mice. An enhanced inflammatory response is also evident in TRPV1 Ϫ/Ϫ hypertensive mice induced by DOCA-salt treatment, which includes increases in renal monocyte/macrophage and lymphocyte recruitment, NF-B activity, proinflammatory cytokine/chemokine production, and adhesion molecule expression. The degree of excessive inflammatory response is congruent with enhanced renal deterioration in DOCA-salt-treated TRPV1 Ϫ/Ϫ mice. Moreover, a conventional anti-inflammatory and immunosuppressive intervention with DEXA treatment markedly ameliorated DOCA-salt-induced renal functional and morphological injury in TRPV1 Ϫ/Ϫ mice without lowering blood pressure. The results provide direct evidence that the increased inflammatory response is one of the major mechanisms contributing to DOCA-salt-induced renal damage in TRPV1 Ϫ/Ϫ mice. These data strongly suggest that activation of TRPV1 may attenuate renal damage via inhibiting renal inflammatory responses without lowering blood pressure.
Hypertension has been shown to be a major cause of renal inflammation and injury (6) , and patients with salt-sensitive hypertension have a greater incidence of end-stage renal disease than individuals resistant to salt (38) . Although the mechanistic link between salt-sensitive hypertension and inflammation is not fully understood, several plausible mechanisms may explain. Evidence shows that increased blood pressure may promote endothelial expression of cytokines and adhesion molecules, possibly due to increased shear force (11, 47) . In addition to hemodynamic factors, renal inflammatory responses may be caused by hormonal or paracrine/autocrine factors including endothelin-1 (ET-1), ANG II, or reactive oxygen species (ROS) overproduced in salt-sensitive hypertension. For example, DOCA-salt hypertension is associated with overexpression of ET-1 in the vasculature and kidney, which contributes to the increase in blood pressure (18, 29) . Similarly to ET-1, ANG II levels are increased in the kidney of saltsensitive hypertensive rats (28) . ET-1 and ANG II may stimulate expression of proinflammatory molecules and are considered important mediators of chronic inflammation in hypertension (8, 34) . Likewise, increased ROS production in salt-sensitive hypertension may contribute to renal inflammation and damage (5). Oxidative stress has been shown to be linked to the proinflammatory state that includes upregulation of adhesion molecules and chemotactic molecules such as MCP-1 (12, 41) . Our data are consistent with these findings, which show that DOCA-salt treatment increases ROS production in the kidney as demonstrated by increased urinary excretion of 8-isoprostane.
Although the mechanisms responsible for increased renal inflammatory responses in DOCA-salt-treated TRPV1 Ϫ/Ϫ mice are not fully understood, several possibilities exist. Glomerular arteriolar constriction induced by hypertension and/or reactive mediators may cause glomerular ischemia that acted as an initiating factor for inflammation during hypertension. Our previous studies showed that activation of TRPV1 increases the glomerular filtration rate (GFR) leading to diuresis and natriuresis in rats (48) . Moreover, activation of TRPV1 in the isolated perfused rat kidney decreases renal perfusion pressure and increases GFR (30) . The fact that activation of TRPV1 decreases perfusion pressure but increases GFR while perfusion flow is constant indicates that activation of TRPV1 causes a greater vasodilation in afferent than efferent arterioles, leading to an increase in GFR despite a fall in renal perfusion pressure (30) . Thus, TRPV1 dysfunction would lead to the loss of compensatory protective role of TRPV1 against the increase in renal vascular resistance, resulting in enhanced glomerular ischemia and more severe inflammation.
Compelling evidence shows that leukocytes including monocytes/macrophages and lymphocytes are the key cell population contributing to the onset or progression of renal disease (10, 15, 17) . Tubulointerstitial infiltration of macrophages and T lymphocytes is a common feature of the endstage renal diseases induced by hypertension. However, the mechanisms involved remain to be defined. Macrophages and T lymphocytes may mediate renal injury via producing proinflammatory cytokines among others or causing matrix accumulation and fibrosis (4, 16, 17) . Consistently, our data show These data indicate that TRPV1 may protect the kidney during DOCA-salt hypertension via inhibiting monocyte/macrophage and lymphocyte infiltration.
Proinflammatory cytokines play a vital role in the pathogenesis of hypertension and end-stage renal disease caused by hypertension (14, 19) . TNF-␣, an inflammatory cytokine, is synthesized primarily by monocytes and macrophages. TNF-␣ levels have been shown to be elevated in end-stage renal diseases in salt-sensitive hypertension (19, 22) . Moreover, suppression of TNF-␣ activity with neutralizing antibodies or receptor blockers attenuates renal damage in several animal models (19, 24) . Our data show that DOCAsalt treatment leads to increased levels of renal TNF-␣ as well as IL-6 in the absence of elevated serum cytokines (data not shown) and that the induction of both TNF-␣ and IL-6 in the kidney is enhanced when TRPV1 gene is deleted. These data indicate that TRPV1 activation may inhibit the renal production of injurious proinflammatory cytokines including TNF-␣ and IL-6 to protect against DOCA saltinduced renal damage. It must also be acknowledged that inhibition of other cytokines may occur and contribute to renal protection induced by TRPV1 activation.
Blood leukocyte trafficking to the site of inflammation involves a complex cascade of events progressing from rolling and activation of leukocytes to adhesion and transmigration. Leukocyte infiltration requires orderly expression of cellular adhesion molecules such as ICAM-1 and VCAM-1 (1). In addition, chemokines are critically involved in leukocyte recruitment under inflammation conditions (3). Thus, we examined renal expression of ICAM-1 and VCAM-1 as well as renal MCP-1 levels as a potent chemotactic factor of monocyte/macrophages. Consistent with previous findings showing that adhesion molecules and MCP-1 are increased in kidney of DOCA-salt-hypertensive rats (19) , our results show that DOCA-salt treatment increases renal ICAM-1 expression and MCP-1 levels in WT mice, and these increases are further enhanced in TRPV1 Ϫ/Ϫ mice. In contrast, while DOCA-salt treatment increases VCAM-1 expression in the kidney, there is no significant difference in VCAM-1 expression between DOCA-salttreated WT and TRPV1 Ϫ/Ϫ mice. These data suggest activation of TRPV1 may attenuate monocyte/macrophage infiltration via inhibition of ICAM-1 expression and MCP-1 production.
Inflammatory responses are regulated at the level of transcription by the transcription factor NF-B (32). Activated NF-B induces numerous proinflammatory gene expression, including those encoded for cytokines, chemoattractant factors, and cell adhesion molecules, leading to inflammatory responses (32) . To determine whether deletion of TRPV1 aggravates renal inflammation through a possible NF-B-dependent mechanism, renal NF-B activity was examined. Our data show that renal NF-B activity is increased in DOCA-salt-treated WT mice, and importantly it is further elevated in the kidneys of DOCA-salt-treated TRPV1 Ϫ/Ϫ mice. These data suggest that inhibition of NF-B activity may mediate TRPV1 action of antiinflammation and tissue protection.
To further elucidate the role of inflammatory responses in DOCA-salt-induced renal injury when TRPV1 is genetically deleted, the effect of DEXA was examined. DEXA, a potent synthetic form of glucocorticoids with its known anti-inflammatory properties, activates the cytoplasmic glucocorticoid ␣-receptor that subsequently binds to activated NF-B and prevents the transcription factor from binding to B sites on the genes important for inflammation. Treatment of hypertensive models with DEXA has been shown to be an effective way to reduce renal immune cell infiltration and to ameliorate renal injury. For example, DEXA attenuates renal immunocompetent cell infiltration and reduces renal damage in doubletransgenic rats harboring both human renin and angiotensinogen genes (35) . Consistently, our data show that treatment of TRPV1 Ϫ/Ϫ mice with DEXA markedly decreases DOCA-saltinduced renal damage and that the renal protective effect by DEXA is accompanied with the striking decrease in inflammatory responses. The data indicate that exacerbated renal damage seen in DOCA-salt-treated TRPV1 Ϫ/Ϫ mice is attributed to enhanced inflammatory responses due to the loss of the beneficial anti-inflammatory protection of TRPV1.
Given the complexity of inflammatory responses, mechanisms underlying TRPV1 anti-inflammatory effects may involve pathways beyond suppression of NF-B activity. TRPV1 is known to be mainly expressed in primary sensory nerves. Pretreatment with capsaicin, a selective TRPV1 agonist, in a rodent model of allergic inflammation leads to increased TNF-␣ levels, suggesting that loss of TRPV1-positive sensory nerves enhances TNF-␣ production (21) . In addition, further increased cytokine levels are found in peritoneal lavage fluid of TRPV1 Ϫ/Ϫ mice treated with endotoxin, supporting the notion that TRPV1 protects against acute immune response in sepsis (13) . We previously showed that TRPV1 is activated by high-salt intake, leading to release of neurotransmitters including CGRP (45) . In addition to its well-recognized cardiovascular effects, CGRP has been shown to modulate antigen presentation, phagocytosis, and production of cytokines induced by endotoxin (2, 25, 33) . Indeed, inflammatory responses are worsened in CGRP-null mutant mice (7) . Further studies are required to clarify the mechanisms responsible for anti-inflammatory action of TRPV1.
In summary, our results show that DOCA-salt treatment causes enhanced renal inflammation, more severe deterioration in renal function, and exaggerated renal tissue damage when TRPV1 gene is deleted. Suppression of inflammatory responses with DEXA reduces renal functional and morphological damage in DOCAsalt-treated TRPV1 Ϫ/Ϫ mice. Taken together, these findings suggest that the enhanced inflammatory responses may be one of the key mechanisms contributing to renal damage induced by DOCAsalt treatment in TRPV1 Ϫ/Ϫ mice.
Perspectives
Patients with salt-sensitive hypertension are much more likely to experience end-stage renal disease (38) . However, mechanisms responsible for the progression of end-stage renal disease in salt-sensitive hypertension are ill defined. Impairment in renal sensory nerves and TRPV1 function occurs in Dahl salt-sensitive rats, leading to decreased GFR and renal excretory function in this strain in the face of salt challenge (31, 45) . The data in the present study using the DOCA-salthypertensive model provide additional evidence indicating that TRPV1-mediated protection may serve as a general protecting mechanism in glomerular and tubular injury associated with inflammation and hypertension. These findings suggest that activation of TRPV1 may be a potential therapeutic strategy for the prevention of renal inflammation and end-stage organ damage in salt-sensitive hypertension.
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